We present investigations of the the relative intensity noise (RIN) of a quantum cascade laser (QC) laser in continuous wave operation. We analyze the intensity noise properties in terms of the relative intensity noise (RIN). In contrast to conventional interband semiconductor diode lasers we obtain a different scaling behavior of RIN with increasing optical output power for QC lasers. From a semiclassical noise model we find that this result is due to the cascaded active regions each incorporating three laser levels, and is therefore a particular feature of QC lasers.
From the early days of laser science there has been a perpetual drive to understand the noise, the fluctuations of laser light [1, 2] . With every advent of a new laser structure there has been a renascence of this demand to explore and to understand the intensity noise, both from the theoretical and the experimental point of view (see e.g. Ref. [3] [4] [5] [6] [7] [8] [9] [10] ). Furthermore, with the understanding of the intensity noise properties the control and the reduction of the laser noise, even below the standard quantum limit, became possible [11] [12] [13] [14] [15] [16] . With the advent of the youngest semiconductor laser, the quantum cascade (QC) laser [17] , the question of intensity noise performance of this unipolar intersubband laser source arouse once more again. Do QC lasers behave differently from other semiconductor interband lasers due to their particular level scheme? In this letter we shall answer this question experimentally and theoretically. We will demonstrate that QC lasers have a different power dependence of their intensity noise on the optical power which is due to the effective cascaded three-level scheme they represent. The answer to this question is also of interest for the application of QC lasers as a light source for spectroscopic systems and for optical free-space data communication systems, because laser noise may limit the sensitivity of absorption spectroscopy as well as the bandwidth and the transmission range of optical free-space data links [18] . QC lasers are unipolar intersubband lasers in which the laser transition occurs between quantized states of the conduction band. The typical conduction band profile together with the resulting energy levels representing the three-level laser scheme is depicted in Fig. 1 . The electrons are injected into level 3 which acts as the upper laser level. The laser transition occurs between level 3 and level 2. In order to obtain population inversion, the electrons have to be efficiently extracted from the lower laser level (level 2). This is achieved by using the resonant electronphonon scattering process. Therefore, level 2 and level 1 are designed in a way that the energy difference between these two levels is close to the energy of the longitudinal optical phonon. This results in a much shorter lifetime of the lower laser level than the lifetime of the upper laser level (c.f. Table 1 ) which is a necessary condition in order to obtain population inversion for the laser transition. Finally, the electrons are extracted from level 1 into the adjacent miniband. From there, the electrons reach the injector of the subsequent three-level laser system and are injected into the the upper laser level again. Hence, Fig The investigated device [22] is based on strain-compensated GaInAs/AlInAs employing a triple quantum well active region as published in Ref. [23] . Twenty-five periods of alternating active regions and injectors were grown on InP substrate by molecular beam epitaxy. After that InP was grown by low-temperature metal-organic vapor phase epitaxy serving as upper waveguide and contact layer [20] . A 10 × 1000 µm 2 device mounted substrate side down with uncoated facets is investigated for which a maximum continuous wave (cw) operating temperature of 135 K was determined. At 88 K, the laser exhibits a threshold current of I thr = 195 mA and the laser emission is observed at a wavelength of 4.98 µm in a single longitudinal mode. The operating voltage is approximately 10 V and the maximum optical power is 19 mW per facet at an injection current of I = 400 mA.
The experimental setup for the investigations of the intensity noise properties is a direct detection scheme [24] and is depicted in Fig. 2 . The QC laser is operated using a 24 V battery current source. The emitted light is collected by a f/1.6 elliptical mirror and focused onto a peltier-cooled HgCdZnTe photovoltaic detector (Vigo, PDI-2TE-10.6) with an active area of 1 × 1mm 2 and a bandwidth of ∼350 MHz. Special care has been taken in order to avoid optical feedback in the experimental setup. The detected photocurrent is separated into the alternating current (AC) and the direct current (DC) by a so called "Bias-Tee" (Picosecond Pulse Labs, The detected signal is is split into the AC current and DC current by a Bias-Tee. The AC part is analyzed by a electrical spectrum analyzer (ESA) after amplification using a low noise amplifier (A). The photocurrent I ph is measured in the DC part of the signal.
model 5546). The AC part of the signal accounts for the fluctuations of the laser intensity. It is analyzed by an electrical spectrum analyzer (ESA, HP8568B) after amplification using a 20 dB low noise amplifier (Mini-Circuits, ZFL-1000LN). The DC part of the signal gives the photocurrent I ph which is proportional to the mean optical intensity. The intensity fluctuations are characterized by the relative intensity noise (RIN) which is defined as the ratio of the mean value of the optical intensity fluctuation δ P squared to the mean optical power P 0 squared at a specified frequency ω in a 1 Hz bandwidth:
This ratio can be expressed as the ratio of the detected electrical powers, thus
where the spectral noise power S P (ω) is the difference between the measured spectral noise power of the signal of the illuminated detector and the spectral dark noise power at the frequency ω. The mean electrical power of the detected signal is given by I 2 ph R. Here, R is the impedance of the amplifier and I ph is the photocurrent of the detected signal given by the difference between the photocurrent of the illuminated detector and the dark current, respectively. The resolution bandwidth B of the ESA gives the normalization to the 1 Hz bandwidth and G accounts for the gain of the amplifier.
The experimentally determined RIN of the QC laser in cw operation is depicted in Fig. 3 as a function of the emitted optical power P 0 measured in the low frequency limit [3, 5, 8] at a frequency ω of 40 MHz. The frequency of 40 MHz is much smaller than the relaxation oscillation frequency which is typically in the order of several GHz for QC lasers [25] . RIN of the QC laser decreases with increasing optical power from −124.5 dB·Hz −1 at P 0 = 0.3 mW to −155.0 dB·Hz −1 at P 0 = 18.6 mW. The measured value of the RIN of −155.0 dB·Hz −1 is ∼ 2.5 dB above the standard quantum noise limit which we have verified using different shot noise sources [26] . The experimental data can be fitted according to a simple power-law RIN ∝ P −γ 0 , with γ = 2.18 ± 0.1. The same measurement at a frequency of 50 MHz yields γ = 1.9 ± 0.2. Thus, we find that in QC lasers RIN decreases with increasing optical power with In order to get a better understanding of the intensity noise properties of QC lasers we develop a semiclassical noise model based on three-level rate equations for QC lasers. Three equations for the level populations N 3 , N 2 , N 1 in level 3, 2 and 1, respectively, and one for the photons P result in the case of 25 gain stages in a set of 100 equations, which can be reduced to four equations by summing over all gain stages incorporated into the active region. Hence, we obtain the rate equations describing effectively the whole cascaded structure of a QC laser:
where q is the electron charge, I in is the current into level 3 and I out is the current out off level 1 into the adjacent miniband. The phonon scattering times τ 31 , τ 32 , and τ 31 account for non-radiative losses of carriers due to electron-phonon scattering, τ e = (τ where I n out and I n+1 n are the currents out off level 1 of the n-th gain stage and into level 3 of the (n+1)-th gain stage, respectively, it follows that I in = I out , and hence, I in is the effective current through all gain stages. In Eq. (6), g(N 3 − N 2 ) denotes the gain of one gain stage with g being the differential gain parameter, β is the spontaneous emission factor, and Z is the number of cascaded gain stages. Performing a small signal analysis of the rate equations and adding Langevin noise sources we are able to obtain an analytical expression for RIN in the frequency domain. We find that by using realistic laser parameters (c.f. Table 1 ) RIN can be expressed as
where R PP and R 33 denote the major contributions to the total RIN and represent the individual contributions of the Langevin noise sources. The Langevin noise sources are defined to exhibit a white noise behavior. Hence, the average of the Langevin noise sources vanishes, < F P >=< F 3 >= 0, but the correlations of the Langevin noise sources are non-zero. They are given by
By using Eqs. 8 and 9 the individual contributions to the total RIN, R PP and R 33 , can be expressed as
where f P (ω) and f 3 (ω) denote the individual terms resulting from the solution of the small signal rate equations with respect to the small signal photon number |p(ω)| 2 . We find from Eq. (7) that the main noise sources for R PP and R 33 are the spontaneous emission and nonradiative losses of carriers out off level 3 due to electron-phonon scattering, respectively. Thus, the intensity noise of 3-level QC lasers comprises two noise sources, the spontaneous emission and electron-phonon scattering losses. In contrast, the intensity noise of interband diode lasers is dominated only by the spontaneous emission. The calculated RIN for a QC laser incorporating 25 gain stages at a frequency of 40 MHz as a function of the optical power is depicted in Fig. 4 . The laser parameters used for the calculations are shown in Table 1 . The dashed and dotted lines represent the individual contributions R 33 and R PP adding up to the total RIN as defined by Eq. (7). Also shown is the experimental RIN of Fig. 3 for comparison. We find good agreement between the calculated and the experimentally obtained results. In general, R PP and R 33 do not follow a power-law. However, in the investigated power regime, i.e. for optical powers P 0 < 20 mW, R PP and R 33 can be approximated by a power-law with scaling parameters γ P and γ 3 , namely R PP ∝ P −γ P 0 and R 33 ∝ P −γ 3 0 . We find that γ P = 2.8, whereas γ 3 = 1.8. Thus, the spontaneous emission results in a dependence of RIN of QC lasers on the optical power scaling with γ = 2.8, and non-radiative losses of carriers out off laser level 3 give a γ = 1.8 dependence. From Fig. 4 we find that R PP dominates the total RIN for P 0 < 2 mW and the spontaneous emission is the main noise source. For P 0 > 2 mW, R 33 is dominant and non-radiative losses of carriers out off the upper laser level are the main noise sources. The superposition of R PP and R 33 to the total RIN results in an effective power-law dependence of RIN on the optical power with γ = 1.98. The good agreement between the experiment and the model gives us now the opportunity to study key features of the three-level scheme. So far, we have investigated the intensity noise properties of a three-level QC laser with Z = 25 gain stages incorporated into the active region. In the following we analyze the influence of the number of gain stages Z on the intensity noise of QC lasers. Therefore, we have first calculated the RIN for QC lasers with different numbers of gain stages incorporated into the active region. Then, we have analyzed the RIN with respect to the power scaling parameter γ at an injection current of 1.2I thr . We have performed these simulations keeping the differential gain parameter g constant. The results are depicted in into the active region. For Z = 1, Z = 25, and Z = 100 we obtain γ = 2.73, γ = 1.98, and γ = 1.84, respectively. For large Z, the power scaling parameter γ levels on the value of γ 3 = 1.8.
Hence, RIN can be approximated solely by R 33 . On the other hand, RIN calculations for a QC laser with only one gain stage Z = 1 yield γ = 2.73 for the total RIN. Hence, QC lasers with a single gain stage active region show a similar noise behavior as conventional interband semiconductor lasers even though the non-radiative loss rate of carriers out off the upper laser level is about three orders of magnitude larger for QC lasers than for interband semiconductor lasers due to the shorter electron lifetime of the upper laser level which is ∼ps for QC lasers and ∼ns for interband semiconductor lasers, respectively. In this case the dominant part contributing to the RIN of QC lasers arises from R PP , and the main noise source is the spontaneous emission. But, the influence of non-radiative losses of carriers out off the upper laser level on the RIN of QC lasers increases by cascading gain stages into the active region. The more gain stages are incorporated into the active region the stronger becomes the influence of R 33 until it dominates the total RIN of QC lasers. Thus, the noise behavior of QC lasers depends on the number of gain stages cascaded into the active region.
In conclusion, we have investigated the intensity noise properties of 3-level QC lasers. We have analyzed the intensity noise in terms of the RIN. We measured the RIN of a QC laser in the low frequency limit at 40 MHz in cw operation at a heat sink temperature of 88 K. We find that RIN decreases with increasing optical power according to a power-law as RIN ∝ P −γ 0 , with γ ≈ 2.1. From a semiclassical noise model for a QC laser incorporating Z = 25 gain stages we find that γ ≈ 2 is due to the cascaded gain stages. In this case, non-radiative losses of carriers out off the upper laser level become the dominant noise source. In contrast, for Z = 1 the spontaneous emission is the main noise source and γ = 2.73 is obtained. Thus, the power scaling behavior of the intensity noise of lasers possessing 3-level cascaded gain stages depends on the number of gain stages incorporated into the active region.
